Most alphaviruses are transmitted by arthropods and infect vertebrate hosts. An exception is Eilat virus (EILV), the only described alphavirus with a host range restricted to insects. We established a new generic reverse transcription PCR assay for alphaviruses and tested 8860 tropical mosquitoes. We detected a novel alphavirus, tentatively named Taï Forest alphavirus (TALV), in Culex decens mosquitoes collected in Ivory Coast. The full genome was sequenced, and closest similarity was found to EILV. Pairwise amino acid identities to EILV ranged between 67 and 88 % for the corresponding proteins, suggesting that TALV defines a proposed new alphavirus species. Phylogenetic analyses placed TALV as a sister species to EILV with a basal relationship to the western equine encephalitis virus complex. In comparison to the highly abundant insect-specific flaviviruses, insect-specific alphaviruses seem to be rare. This new PCR assay can detect novel alphaviruses and may facilitate the identification of additional new alphaviruses.
The genus Alphavirus (family Togaviridae) currently contains 31 approved species [1] [2] [3] [4] [5] . Alphaviruses are transmitted mostly by arthropods and infect a variety of vertebrates including mammals, birds, reptiles, amphibians and fish [3] . Exceptions are salmonid alphaviruses and Eilat virus (EILV). Salmonid alphaviruses infect fish and are transmitted horizontally [6] . Whether they can also be transmitted by arthropod vectors is unclear [7] .
EILV is the only alphavirus found to be unable to replicate in vertebrate cell lines [2, 8] . Although numerous insectspecific viruses have been found in other arbovirus families, e.g. Flaviviridae, Bunyaviridae, Reoviridae and Rhabdoviridae [9] [10] [11] [12] [13] , no additional insect-specific alphavirus has been detected so far (reviewed in [14] ). The insect-specific EILV was found in mosquitoes collected in Israel and is placed basal to the western equine encephalitis virus (WEEV) complex in phylogenetic analyses [2] .
The alphavirus genome consists of a single-stranded, positive-sense RNA with a capped 5¢ end and a 3¢-terminal poly (A) tail. The two ORFs encode the non-structural and the structural polyproteins [15] . The ORFs are flanked by NTRs that contain conserved RNA sequence elements (CSEs) [16] . The 3¢-NTRs of insect-associated alphaviruses vary considerably in length and contain repeated sequence elements (RSEs) that are important for the replication in insect cells [16] [17] [18] [19] . In contrast, salmonid alphaviruses have short 3¢-NTRs without RSEs [20] .
Previously described reverse transcription PCR (RT-PCR) assays for alphavirus detection were designed for diagnostic purposes to detect pathogenic alphaviruses with a high sensitivity [21, 22] . The genetic diversity of alphaviruses has increased in recent years, and existing RT-PCR assays may not be able to detect viruses in relationship to newly described virus lineages. The aim of this study was to establish a new broad-range generic RT-PCR assay for alphaviruses and to examine the diversity of alphaviruses in mosquitoes.
Generic primers for a nested RT-PCR were designed based on an alignment of the conserved region of the RNA-dependent RNA polymerase motifs of all established alphavirus species. The generic RT-PCR was tested with eight alphavirus species belonging to five antigenic complexes and different phylogenetic clades [WEEV, Sindbis virus (SINV), eastern equine encephalitis virus, Venezuelan equine encephalitis virus, Barmah Forest virus (BFV), chikungunya virus (CHIKV), o'nyong-nyong virus (ONNV), Ross River virus (RRV)]. Viral RNA was extracted from diluted cell culture supernatants containing 10 4 p.f.u. ml À1 , and cDNA was synthesized using random hexamer primers [23] . The first-round PCR mixture (25 µl) contained 2 µl cDNA, 1Â buffer, 2.5 mM MgCl 2 , 0.2 mM dNTPs, 0.1 µl Platinum Taq polymerase (ThermoFisher Scientific) and 0.4 µM of each of the primers Pan-Alpha-F1 (5¢-TCAGCAGAAGAYTTYGA YGC-3¢) and Pan-Alpha-R1 (5¢-CGTCCATGATYTTIAC YTCCAT-3¢). The primer pair Pan-Alpha-F2 (5¢-CCTG TACTRGARACIGAYAT-3¢) and Pan-Alpha-R2 (5¢-ACA TTCCAGAYTTCATCAT-3¢) with the reaction mixture described above and 0.5 µl first-round PCR product were used for a nested PCR. The cycling protocol started with 3 min at 95 C, followed by 10 touch down cycles: 15 s at 95 C, 20 s at 55 C (À1 C per cycle), 30 s at 72 C, followed by 35 cycles: 15 s at 95 C, 20 s at 45 C, 30 s at 72 C, and a final elongation step: 5 min at 72 C. The PCR products were visualized on a 1 % agarose gel stained with ethidium bromide. All tested alphaviruses showed amplicons of the predicted size (442 bp for the first round and 202 bp for the nested PCR) in both assays (Fig. 1) . Sequencing of PCR products confirmed the amplification of the targeted genome regions and the successful establishment of a generic RT-PCR assay for the genus Alphavirus.
To analyse the genetic diversity of alphaviruses in mosquitoes, we tested 8860 female mosquitoes combined into 882 pools collected in tropical regions in Africa and America with the newly established generic RT-PCR. Mosquitoes were sampled in the Palenque National Park in Mexico (3491 mosquitoes in 371 pools) in 2008 [24] , in the Kibale National Park in Uganda (807 mosquitoes in 81 pools) in 2008 [25] and in the Taï National Park in Ivory Coast in 2004 (4562 mosquitoes in 430 pools) [26] . RNA was extracted from pooled mosquito homogenates, and cDNA was synthesized as described previously [24] [25] [26] . No alphaviruses were detected in mosquitoes from Mexico and Uganda. One pool (C21-CI-2004) was found positive, which contained 19 Culex decens mosquitoes originating from the secondary rainforest in Ivory Coast. The PCR amplicons from the first-round and nested PCR were sequenced by dideoxy chain termination (Sanger). Sequence comparison of the assembled sequence fragment to the National Center for Biotechnology Information database using BLASTN analysis showed 77 % nucleotide identity to EILV, suggesting the detection of a new alphavirus, tentatively named Taï Forest alphavirus (TALV). Testing of the sample C21-CI-2004 with the published RT-PCR assay by Grywna et al. [21] yielded an amplicon in the nested PCR but not in the first round. In summary, these data show that the new generic RT-PCR assay detects known and also novel alphaviruses with a higher sensitivity than the existing alphavirus generic RT-PCR assay. Surprisingly, alphaviruses seem to be far less abundant than viruses from other genera containing arboviruses. Although only one alphavirus was recovered from the pools of the Ivorian mosquitoes, several different bunyaviruses, flaviviruses, reoviruses and rhabdoviruses were isolated from up to 39 pools of the same mosquito collection [9, 25, 27-30, unpublished data] .
Isolation attempts of TALV in C6/36 and Vero cells were performed as described previously [28] but were not successful. For deep sequencing, RNA from the mosquito pool homogenate was used for cDNA synthesis with the Superscript One-Cycle cDNA kit (Life Technologies). The DNA library was prepared using the Nextera XT DNA Sample Preparation kit (Illumina), and sequencing was performed on the MiSeq desktop sequencer with the MiSeq Reagent kit v3 (Illumina). Thirty-five alphavirus-like sequence reads were assembled to 25 contigs between 44 and 340 nt in length. These sequence fragments were linked by specific PCRs using fragment-specific primers. Genome ends were amplified using the 3¢ and 5¢ RACE systems (ThermoFisher Scientific). Amplicons were sequenced by Sanger sequencing (Seqlab) and analysed using Geneious R9 [31] . The complete TALV genome consisted of 11 379 nt and showed a typical alphavirus-like genome organization (Fig. 2a) . Closest identity was found to EILV with 69 % overall pairwise nucleotide identity. The pairwise amino acid identities of TALV and EILV ranged between 67 % (E2 protein) and 88 % (non-structural protein 4) for the corresponding proteins. The conserved amino acid motifs (putative protease cleavage sites, ribosomal binding site, conserved RNA-dependent RNA polymerase motifs) resembled those of EILV (data not shown). According to the species demarcation criteria of the International Committee on Taxonomy of Viruses, distinct alphavirus species within the same antigenic Fig. 2 . Genome organization of TALV. Schematic illustration of the TALV genome including motifs and CSEs. The non-structural protein (NSP) ORF is shown in blue, and the structural protein ORF is shown in orange. The NTR nucleotide lengths are displayed above the genome (a); MAFFT-E alignments of the subgenomic promoter (b); the 51 nt CSE (c); the 3¢ CSE (d); the RSE (e) and the short repeated sequence motif (f) of TALV and representative alphaviruses. For GenBank accession numbers, see Fig. 3 . Except for Getah virus, the sequence AF339484 of strain MM 2021 was used to analyse the 3¢-NTR as previous analyses of alphavirus 3¢-NTRs were conducted with this strain [19] .
complex diverge in at least 21 % of their nucleotide and 8 % of their amino acid sequences. Viruses of different antigenic complexes diverge by more than 38 % in their nucleotide sequences and by more than 40 % in their amino acid sequences [3] . TALV and EILV diverged by 31 % in their nucleotide sequences and between 12 and 33 % in their amino acid sequences, suggesting that TALV defines a new alphavirus species most likely within the same antigenic complex as EILV.
Maximum-likelihood phylogenetic analyses of TALV and all established species of the genus Alphavirus were performed based on a MAFFT-E v7.222 translational nucleotide alignment [32] of the structural protein ORF with the general time-reversible model with four gamma categories and 1000 bootstrap replicates using PhyML [33] as implemented in Geneious. The phylogenetic tree was rooted to the midpoint. TALV was placed as a sister species to EILV with a basal relationship to the WEEV antigenic complex (Fig. 3) . Nasar et al. [2] suggested that EILV represents a new antigenic complex. According to the observed phylogenetic distances between viruses within the same antigenic complex, TALV seems to belong to the same complex as EILV. This is in line with the classification based on genetic distance criteria. TALV and EILV branch between two viruses that were isolated from mosquitoes collected in South America and were able to replicate in vertebrate cell lines unlike the insect-restricted EILV [34] [35] [36] . Aura virus (AURAV) is an outlier of the WEEV complex [37] , and Trocara virus (TROV) is the prototype of a new antigenic complex [36] . As TALV and EILV were found in the Old World (Ivory Coast and Israel) and branch between New World viruses, insect-specific alphaviruses may also be present in the New World.
The alphavirus genome contains CSEs that have an important role in virus replication, translation and the interaction with host factors [16] . The 5¢-terminal sequence of the alphavirus genome exhibits no strong sequence conservation but forms similar secondary stem and loop structures [38] , which were also found in the 5¢-terminal sequence of TALV (data not shown). The 51 nt CSE within the coding region of the non-structural protein 1 is highly conserved among alphaviruses and forms two stable hairpin structures [38, 39] . The 51 nt CSE of TALV started at nucleotide 156 and shared the highest pairwise identity with EILV (92 %) (Fig. 2c) . The minimal subgenomic promoter sequence is 24 nt long [40] . In contrast to the other CSEs, the subgenomic promoter of TALV showed the highest pairwise identity to Una virus (92 %) and only 71 % identity to EILV (Fig. 2b) . The 19 nt-long 3¢ CSE adjacent to the poly(A) tail is highly conserved for all alphaviruses [19, 41] . The 3¢ CSE of TALV was up to 100 % identical to the previously described 3¢ CSEs of other alphaviruses (Fig. 2d) . In addition to the 3¢ CSE, the 3¢-NTRs of all alphaviruses except for salmonid alphaviruses contain RSEs that can vary in length, number and sequence between different alphavirus species [15, 19, 20] . These RSEs form secondary stem-loop structures. It was shown that the RSEs of SINV enhance the translation of viral mRNA in mosquito cells but not in mammalian cells [18] . Likewise, the deletion of repeats in the 3¢-NTR of CHIKV reduced the replication only in insect cells [17] . The 3¢-NTR of TALV was 364 nt long and considerably shorter than the 3¢-NTRs of the related viruses EILV (520 nt), TROV (587 nt) and AURAV (465 nt) [16] . Interestingly, the two RSEs in the 3¢-NTR of TALV were similar to the RSEs of RRV (Fig. 2e) but not to the RSEs of the more closely related SINV. RRV strain T48 contains four RSEs [42] , whereas other RRV strains contain between one and four copies of the RSE [43] . RRV-type RSEs are described for Getah virus (GETV) (three RSEs) and CHIKV (three RSEs), belonging to the Semliki Forest complex as RRV, and BFV (two RSEs) [19] . Similar RSEs could also be detected in the 3¢-NTRs of TROV (three RSEs), EILV (four RSEs) and AURAV (one RSE). Interestingly, AURAV contains three additional SINV-type RSEs upstream of the RRV-type RSE [44] . Although TALV, EILV, TROV and AURAV group in one clade with SINV and WEEV, they do not contain the RSEs of SINV but of the distantly related RRV (Fig. 3) . This contradicts previous observations that similar RSEs are found in closely related alphaviruses [16] and raises the question whether parts of the NTRs can be exchanged between phylogenetically distant alphaviruses. The second repeat downstream of the structural protein ORF of TALV had a higher conservation and shared 94 % pairwise identity with the fourth repeat of EILV, 90 % pairwise identity with the three repeats of TROV and 81 % pairwise identity with the fourth repeat of RRV. The two TALV repeats possessed a pairwise identity of 80 %. These genomic analyses showed that most CSEs of TALV were similar to those of EILV, corresponding to the close phylogenetic relationship of the two viruses.
In addition to the RRV-type RSEs, TALV contained four copies of a previously undescribed 21 to 22 nt long repeated sequence motif [5¢-CCGAACUC(C/-)RMRGAGAU-GUAGG-3¢] between the second RSE and the 3¢ CSE (Fig. 2a, f) . Similar motifs were found in the 3¢-NTRs of EILV (three copies with 86-95 % maximum pairwise identity to TALV), RRV, GETV, CHIKV, BFV (two copies with 83-95 % maximum pairwise identity to TALV) and ONNV (one copy with 74 % maximum pairwise identity to TALV) (Fig. 2f) . Besides the complete copies, the 3¢-NTRs of RRV, GETV, CHIKV and BFV contained one truncated copy, and ONNV contained two truncated copies (5¢-GRGAY-GUAGG-3¢). All these viruses were lacking the U-rich region, which is found in the 3¢-NTR of most alphaviruses [41, 45] . The U-rich region represses deadenylation and is a high-affinity binding site for the mammalian HuR protein and the aeHuR protein, a mosquito protein with high homology to the mammalian HuR protein [45] . HuR is an ubiquitously expressed cellular RNA-binding protein that enhances mRNA stability [46] . During alphavirus infection, HuR is translocated to the cytosol in mammalian cells [45] . This translocation is also observed in cells infected with CHIKV and RRV, two viruses lacking the U-rich region, and HuR can bind to the 3¢-NTR of these viruses with high affinity [47] . The HuR binding regions were identified to be located within the third RSE of CHIKV and downstream of the fourth RSE of RRV [47] . The HuR binding region in the 3¢-NTR of RRV overlapped with parts of the abovedescribed short sequence motif. However, in contrast to other HuR binding sites, the short sequence motif is not AU rich. To elucidate the function of this motif and its possible involvement in HuR binding, further experimental evidence is needed.
In summary, we established a new generic RT-PCR for the genus Alphavirus that can detect novel alphaviruses and may help to increase our knowledge on the diversity and evolution of alphaviruses. Using this assay, we identified a proposed new alphavirus species in sister relationship to the only known insect-specific alphavirus EILV. Our data show that the abundance of alphaviruses is considerably lower than that of other mosquito-associated viruses found in the same sample of mosquitoes. Technology, Makerere University Biological Field Station, the Mexican authorities and the directory of the Palenque National Park for permission to conduct this research. We thank Germain Gagn e, Clement Nyikiriza, Charles Kyalisima, Juan Francisco, Juan Montejo and Daniel Hobelsberger for assistance in the field. We are grateful to Fabian Leendertz for assistance with fieldwork research design and logistic support in Ivory Coast.
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